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Abstract 


The hexagonal boron nitride (h-BN) nanosheets are synthesized by the liguid-phase exfoliation method and transferred 
onto the microfiber by optical deposition method. The h-BN-deposited microfiber exhibits dual-function, that is, saturable 
absorption and high-nonlinearity. To check the laser performance by using the proposed h-BN device, it is inserted into an 
erbium-doped fiber laser (EDFL). In experiment, we demonstrate a tunable, switchable dual-wavelength soliton pulse by 
properly adjusting the pump power and the polarization state in the EDFL. The dual-wavelength soliton laser has a pump 
threshold of 50 mW at 976 nm, pulse energy of up to 3.4 nJ, peak power of about 2.62 kW, and pulse duration of about 1.3 
ps. Additionally, we also demonstrate switchable operation of single-wavelength soliton pulse located at 1531.5 and 
1557.5 nm, respectively. Our finding unambiguously implies that apart from its fantastic electric and thermal property, h- 
BN nanosheets may also possess attractive optoelectronic property for nonlinear photonics, such as mode-locker, Q- 


switcher, optical limiter and so on. 
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1. Introduction 


Here, we reported that by taking advantage of its saturable absorption and high-nonlinearity 
property, the h-BN nanosheets synthesized via liguid-phase exfoliation method under our current 
investigation, can lead to the tunable and switchable dual-wavelength soliton operation of an EDFL. 
This work demonstrates an excellent example of nonlinear photonics application of the h-BN. In this 
work, there are two bright spots: 1) We firstly provide an excellent example of nonlinear photonics 
application of the h-BN nanosheets. 2) We firstly demonstrated the dual-wavelength soliton pulses 
from a fiber laser based on the microfiber-based h-BN device. 


2. Literature review 


Dual-wavelength soliton pulses have attracted tremendous interest owing to their versatile applications 
in optical communication, fiber sensing, biomedical research and radar system“. So far, several 
active/passive technigues have been exploited for generating multi-wavelength soliton pulse in the 
fiber lasers. Compared with active schemes, passive schemes share more benefits, including 
compactness, simplicity and flexibility in design. The key device in the passively mode-locked fiber 
laser is nonlinear pulse-shaping element, that is, saturable absorber. Since 2009, the two-dimensional 
(2D) materials, such as graphene“, grapheme oxide“, topological insulator and WS; , have been found 
to be potential and efficient candidate for the soliton generation in the fiber lasers and inspired the 
exploration of the other 2D materials“. 

BN is isoelectronic to a similarly structured carbon lattice and thus exists in various crystalline 
forms. The hexagonal form corresponding to graphite is a wide direct bandgap semiconductor (-6 
eV)’, which possesses high mechanical strength, good electric and thermal conductivity, and excellent 
chemical stability". Thus, it can be used as protective coatings”, transparent membranes, dielectric 
layers!“““, high-speed transistors” and solid-state thermal neutron detectors’. Several technigues, 
including mechanical exfoliation, ultrasonication"“, chemical vapor deposition" and high-energy 
electron beam irradiation of BN particles”, have been used to produce h-BN nanosheets even with 
thicknesses down to a single atomic layer. In spite of plenty of interesting findings concerning its 
unique thermal and electronic properties, its optical properties are much less investigated. In 2009, 
Watanable et al. fabricated a far-ultraviolet plane-emission compact device equipped with a field- 
emission array as an excitation source, by taking advantage of the highly luminous properties of h- 
BN“. Due to its anisotropic structure, whereas a single crystal’s basal plane in h-BN is not easily 
broken?!. Therefore, the excitation of far-UV light above the bandgap energy shows various efficient 
luminescence bands near the band edge. Recently, Kumbhakar et al. reported the nonlinear absorption 
and nonlinear refraction of h-BN in aqueous dispersion on the nanosecond scale at 1064 nm”, 
However, no pulsed lasers with h-BN nanosheets have been investigated yet. 


3. Methodology (Design/Approach) 


Currently, the high guality h-BN nanosheets used in our experiment were synthesized by the liguid- 
phase exfoliation method and purchased from Nanjing XFNANO Materials Tech Co., Ltd. Initially, 
the h-BN powders were added into the Dimethyl formamide solution and 5 hours by sonication to 
produce the well-dispersed h-BN suspension. Then, the solution was centrifuged for 30 min at 1500 
rpm. Thereafter, it was washed several times with ethanol and chloroform to remove any residual 
DMF, as shown in Fig. 1(a). Clearly, h-BN solution has a white translucent color, which is different 
from the milky suspension of bulk h-BN. 

Before transferring the h-BN flakes into the fiber laser, we characterized the h-BN flakes in ethanol 
solution using a Raman Microscope, scanning electron microscope (SEM), transmission electron 
microscope (TEM), and atomic force microscope (AFM). Fig. 1(b) and 1(d) shows the TEM and SEM 
images of the h-BN nanosheets. It can be seen clearly that the h-BN has a guasi-2D sheet-like 
structure with intact surface texture. The hBN nanosheets have a typical disc-like shape with lateral 
size of 50-200 nm. Fig. 1(c) depicted the Raman spectra of the h-BN flakes in the range of 1260-1470 


cm ' using the 514 nm excitation line at room temperature by a Renishaw inVia micro-Raman system 
(Renishaw Inc., New Mills, UK). The single Raman peak of h-BN located at 1365.26 cm“), implies the 
presence of G band E due to the basal plane defects”. Fig. 1(e) depicts the AFM of the h-BN, it 
shows the wide size distribution with layer thickness of about 0.5-3 nm. 

After preparing the h-BN nanosheets, they were dispersed in the ethanol solution and ultrasonicated 
for 2 hours. The concentration of h-BN ethanol solution is ~0.54 mgL in this experiment. Fig. 2(a) 
shows the procedures of the fabrication of microfiber-based h-BN device. Firstly, the microfiber with 
the waist diameter of 15 um (A) was fabricated with the method similar to that of [5]. Secondly, trap 
the microfiber with a heat shrinkable tube carefully (B). Thirdly, the h-BN nanosheets were injected 
into the waist of microfiber by using of a syringe. In this way, h-BN was perfectly transferred onto the 
microfiber. Before sealing the device, we observe the existence of the evanescent field through 
injecting the visible light, as shown inset of Fig. 2(b). Fourthly, the fabricated h-BN device was sealed 
by UV glue and evaporated by a laser with the pump power of 100 mW (D). Finally, we provide its 
real photograph (E). 

For investigating nonlinear optical characteristics of the fabricated h-BN device, the nonlinear 
absorption of the h-BN device was measured by the power-dependent transmission technique. The 
experimental setup is the same as that in Ref [5]. The nonlinear saturable transmission measurement 
was carried out using a femtosecond laser source (central wavelength: 1550 nm, repetition rate: 10 
MHz, pulse duration: ~500 fs). Fig. 2(b) provides the saturable absorption data of h-BN device and the 
corresponding fitting curve as a function of peak intensity. Clearly, the modulation depth, saturable 
intensity, and non-saturable loss is about 2%, 25MW/cm“, 71%, respectively. Additionally, the 
insertion loss of the h-BN device is about 8.5 dB. Note that the saturable intensity of the fabricated h- 
BN device is very low, thus, its mode-locking threshold can be significantly reduced. 

To check the laser performance by using the prepared h-BN device, it was inserted into a fiber ring 
laser cavity. The experimental setup of the proposed fiber laser is sketched in Fig. 3(a). The laser 
cavity consists of a piece of ~ 4.5 m highly doped Erbium-doped fiber (Core active L900, EDF) with 
dispersion parameter of — -16.3 ps /(km: nm) and peak absorption of 14.5 dB/m at 1530 nm and —90 m 
single mode fiber (SMF) with dispersion parameter of 18 ps/(km: nm). The total net cavity dispersion 
is ~ -2 ps“. A fiber-pigtailed 976 nm laser diode (980-500-B-FA, LD) with maximum power -400 mW 
via a fused 980/1550 wavelength-division multiplexer (WDM) 1s used to pump source and a 10:90 
optical coupler (OC) is employed to extract the output of the laser beam. A polarization independent 
isolator (ISO) and a polarization controller (PC) were used to force the unidirectional operation of the 
ring cavity and adjust the polarization state of the propagation light, respectively. The pulse 
performance of the laser was monitored by a power meter, an optical spectrum analyzer (ANDO AO- 
6317B) with spectral resolution of 0.01 nm and a photo-detector (Thorlabs PDA 12.5 GHz) combined 
with a 1 GHz mixed oscilloscope (Tektronix MDO4054-6, 5 GHz/s). Moreover, the pulse duration 
was measured using a commercial autocorrelator. 


4. Results 


Continuous wave operation started at a pump power of about 30 mW and the self-started mode- 
locking occurred at - 50 mW, respectively. A series of experiments show that the stable dual- 
wavelength soliton pulses can be easily obtained by properly rotating the PC when the pump power 
increases from 50 mW to 400 mW, as shown in Fig. 4. 

Here, we concentrate our discussion on the dual-wavelength soliton mode-locking performance at 
the pump power of 300 mW in our proposed fiber laser. As shown in Fig. Š(a), the fiber laser shows a 
dual-wavelength soliton mode-locking at 1531.5 (A1) and 1557.5 (A>) nm. The wavelength spacing and 
the 3-dB bandwidth per-lasing wavelength are -26 nm and ~2 nm, respectively. The typical pulse 
train of the dual-wavelength soliton laser output, depicted in Fig. 5(b), has a period of 473.5 ns, which 
matches with the cavity roundtrip time and verifies the mode locking state. The pulse duration was 
about 1.3 ps, as shown inset of Fig. 5(b). To investigate the operation stability of the dual-wavelength 
soliton pulse, we also provide its radio frequency (RF) spectrum, as shown in Fig. 5(c). Notably, 
similar to the previous work“, we also can see that freguency modulation is presented due to the 


interaction and competition of dual-wavelength soliton pulses. According to the theoretical formula“, 
the RF separation of the dual-wavelength soliton pulse is ~ 2.1 Hz. In addition, the optical spectrum of 
traditional soliton operation at 1531.5 nm (blue curve) and 1557.5 nm (green curve) is switched with 
the PC changing from 0° to 45°, respectively, as shown in Fig. 5(d). Meanwhile, the laser output 
power versus the pump power, the slope efficiency is about 1.7%, as shown in Fig. 3(b). When the 
pump power is 400 mW, the laser maximum output power of 7.2 mW with the pulse energy of 3.4 nJ 
and peak power of 2.62 kW can be obtained. Furthermore, taking advantage of the high-nonlinearity 
of the proposed h-BN device, the tunable spectral evolution with the rotation of the paddles of the PCs 
but other cavity parameters kept unchanged. Clearly, the central wavelength (A4) of the left soliton 
could be shifted from 1529.5 nm to 1533.5 nm. 


5. Discussion 


It is surprising that stable dual-wavelength soliton generation still occur even no comb filter in the 
cavity. The reason could be simply explained as follows. Similar to the previous reports““, the dual- 
wavelength soliton pulse results from the few-layer h-BN. Besides the saturable absorption, 
Kumbhakar et al. and Ouyang et al. also found that h-BN nanosheets show a huge third-order 
nonlinear refractive index of 10° cm“/W (almost twelve orders of magnitude larger than that of bulk 
dielectrics) 22, respectively, which benefits for four-wave mixing (FWM) generation. We know that, 
FWM process has been verified to be helpful for multiwavelength generation in the EDFLs by the 
self-stabilizing function’. Such a stabilizing mechanism can effectively suppress the gain competition 
in EDFLs. Thus, it can generate dual-wavelength soliton pulses in our proposed fiber laser due to the 
FWM from the h-BN nanosheets. Notably, the saturable absorption of h-BN near 1550 nm belongs to 
sub-bandgap absorption because the direct bandgap of monolayer h-BN is ~6.0 eV (~210 nm) “, the 
reason may be attributed to the defect, and multi-photon absorption““. Further investigation on the 
high-nonlinear mechanism of h-BN is reguired in future work. Finally, we tested the operation 
characteristic of the fiber laser without incorporating the microfiber-based h-BN device. By adjusting 
the cavity parameters in a wide range, there is no soliton mode-locking generation, which excludes the 
possibility of self-mode-locking and the Fabry-Perot cavity effect in the cavity. 


6. Conclusion 


In conclusion, we experimentally reported the nonlinear optical properties of h-BN nanosheets, 
which are developed as a dual-function device, that 1s, mode-locker and high-nonlinear device. The 
strong optical nonlinearity of few-layer h-BN is benefit for eliminating the mode competition of EDF 
for stabilizing the tunable and switchable dual-wavelength soliton generation. The dual-wavelength 
soliton laser has a pump threshold of 50 mW at 976 nm, pulse energy of up to 3.4 nJ, peak power of 
about 2.62 kW, and pulse duration of about 1.3 ps. This experimental result clearly evidences that h- 
BN nanosheets possess the desired optical properties for laser photonics and can be considered as 
another 2D material, paving the way for h-BN based nonlinear photonics. 
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Figure Legends 


Fig. 1 Preparation and structural characterization of h-BN. (a) Photograph of h-BN dispersion, (b) 
TEM image, (c) Raman spectrum (Inset: h-BN crystal structure), (d) SEM image and (e) AFM image 
of h-BN nanosheets. 


Fig. 2 (a) Procedures of the preparation (Inset: photograph of real h-BN device) and (b) The nonlinear 
saturable absorption curve of the microfiber-based h-BN device (Inset: its corresponding visible light 
image). 


Fig. 3 (a) Experimental setup of the proposed fiber laser, (b) The output power versus the pump power 
of the proposed fiber laser, the red ball dot is the experimental data and the blue solid line is the fitting 
curve. 


Fig. 4 Typical dual-wavelength cw and soliton lasing spectra of the proposed EDFL with the pump 
power increasing from 30 mW to 400 mW. 


Fig. 5 Typical characteristics of the dual-wavelength soliton pulses with the pump power of 300 mW. 
(a) dual-wavelength soliton spectrum, (b) its corresponding oscilloscope trace (Inset: autocorrelation 
trace), (c), its corresponding RF spectrum measured in 120 MHz range, (d) switchable spectrum of the 
traditional soliton. 


Fig. 6 Tunable dual-wavelength soliton spectra from the proposed fiber laser. 
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